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1
METHODS OF FORMING METAL GATES

BACKGROUND

The semiconductor integrated circuit (IC) mdustry has
experienced exponential growth. Technological advances 1n
IC materials and design have produced generations of 1Cs
where each generation has smaller and more complex cir-
cuits than the previous generation. In the course of IC
evolution, functional density (1.e., the number of intercon-
nected devices per chip area) has generally increased while
geometry size (1.€., the smallest component (or line) that can
be created using a fabrication process) has decreased. This
scaling down process generally provides benefits by increas-
ing production efliciency and lowering associated costs.
Such scaling down has also increased the complexity of
processing and manufacturing ICs.

For example, when fabricating field eflect transistors
(FETs), such as fin-like FETs (FinFETs), device perfor-
mance can be mmproved by using a metal gate electrode
instead of a polysilicon gate electrode. One process of
forming a metal gate structure replaces a dummy polysilicon
gate structure with the metal gate structure after other
components of the device are fabricated. While this method
of forming a metal gate structure has generally been
adequate, challenges remain 1n 1implementing such fabrica-
tion process, especially with respect to improving device

performance when feature sizes continue to decrease in
FinFETs.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s best understood from the fol-
lowing detailed description when read with the accompany-
ing figures. It 1s emphasized that, 1n accordance with the
standard practice 1n the industry, various features are not
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features may be arbi-
trarily increased or reduced for clarity of discussion.

FIGS. 1A and 1B show a flow chart of a method of
fabricating a semiconductor device according to various
aspects of the present disclosure.

FIG. 2 1s a perspective view ol an embodiment of a
semiconductor device according to various aspects of the
present disclosure.

FIGS. 3A, 4A, SA, 6A, 7TA, 8A, 9A, 10A, 11A, and 12A
are cross-sectional views of an embodiment of the semicon-
ductor device of FIG. 2 along line AA' during intermediate
steps of an embodiment of the method of FIGS. 1A and 1B
according to various aspects of the present disclosure.

FIGS. 3B, 4B, 5B, 6B, 7B, 8B, 9B, 10B, 11B, and 12B are
cross-sectional views of an embodiment of the semiconduc-
tor device of FIG. 2 along line BB' during intermediate steps
of an embodiment of the method of FIGS. 1A and 1B
according to various aspects of the present disclosure.

FIGS. 3C, 4C, 5C, 6C, 7C, 8C, 9C, 10C, 11C, and 12C are
cross-sectional views of an embodiment of the semiconduc-
tor device of FIG. 2 along line CC' during intermediate steps
of an embodiment of the method of FIGS. 1A and 1B

according to various aspects of the present disclosure.

DETAILED DESCRIPTION

The {following disclosure provides many diflerent
embodiments, or examples, for implementing different fea-
tures of the disclosure. Specific examples of components
and arrangements are described below to simplify the pres-
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ent disclosure. These are, of course, merely examples and
are not intended to be limiting. For example, the formation
of a first feature over or on a second feature in the descrip-
tion that follows may include embodiments 1n which the first
and second features are formed 1n direct contact, and may
also 1include embodiments 1n which additional features may
be formed between the first and second features, such that
the first and second features may not be 1n direct contact.

In addition, the present disclosure may repeat reference
numerals and/or letters 1n the various examples. This rep-
ctition 1s for the purpose of simplicity and clarity and does
not 1n 1tself dictate a relationship between the various
embodiments and/or configurations discussed. Moreover,
the formation of a feature on, connected to, and/or coupled
to another feature 1n the present disclosure that follows may
include embodiments 1n which the features are formed 1n
direct contact, and may also include embodiments 1n which
additional features may be formed 1nterposing the features,
such that the features may not be in direct contact. In
addition, spatially relative terms, for example, “lower,”
“upper,” “horizontal,” “vertical,” “above,” “over,” “below,”
“beneath,” “up,” “down,” “top,” “bottom,” etc., as well as
derivatives thereol (e.g., “horizontally,” “downwardly,”
“upwardly,” etc.) are used for ease of the present disclosure
of one features relationship to another feature. The spatially
relative terms are intended to cover diflerent orientations of
the device including the {features. Still further, when a
number or a range ol numbers 1s described with “about,”
“approximate,” and the like, the term 1s intended to encom-
pass numbers that are within a reasonable range including
the number described, such as within +/-10% of the number
described or other values as understood by person skilled 1n
the art. For example, the term “about 5 nm” encompasses the
dimension range from 4.5 nm to 5.5 nm.

The present disclosure i1s generally related to semicon-
ductor devices, and more particularly to FinFETs. It 1s an
objective of the present disclosure to provide high-k metal
gates and methods of making the same during FinFET
processes. In the present disclosure, “high-k” dielectric
refers to one or more material used 1n a gate dielectric layer
having a dielectric constant greater than that of silicon oxide
(510,).

During fabrication of a FinFET device, a gate replacement
process may be implemented to reduce thermal budget
associated with the fabrication steps. The gate replacement
process termed “gate-last” may be performed in a series of
steps. For example, during a gate-last process, a dummy gate
structure 1s first formed over a substrate as a placeholder
before forming other components, e.g., source/drain fea-
tures, of the device. Once subsequent fabrication steps are
completed, the dummy gate structure 1s removed to allow a
metal gate structure to be formed in its place. Multiple
patterning processes may be implemented to form various
material layers within the metal gate structure to improve the
overall performance of the device. In one example, modu-
lating threshold voltage (V) of the device has been accom-
plished by incorporating various maternial layers (e.g., gate
dielectric layers and/or work function metal layers) and
adjusting their respective thickness 1n the metal gate struc-
ture. However, as channel lengths decrease, many chal-
lenges arise when patterning the various material layers of
the metal gate structure. On one hand, directly patterming
work function metal layers 1s limited due to merged metal
films as a result of decreased channel lengths. On the other
hand, directly patterning gate dielectric layers 1s limited due
to V. mstability introduced when forming the gate dielectric
layer in a thermal driven-in process. Consequently, the
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present disclosure contemplates methods of forming and
patterning metal gate structures that allow modulation of
threshold voltage 1n devices with reduced features sizes.
Referring now to FIG. 1, a flow chart of a method 100 of
forming a semiconductor device 200 1s illustrated according
to various aspects of the present disclosure. The method 100
1s merely an example, and 1s not intended to limit the present
disclosure beyond what 1s explicitly recited in the claims.
Additional operations can be provided before, during, and
alter the method 100, and some operations described can be

replaced, eliminated, or moved around for additional
embodiments of the method. The method 100 1s described
below 1n conjunction with FIGS. 2 and 3A-12C, which
illustrate a portion of the semiconductor device 200 during
the method 100. FIGS. 3A, 4A, SA, 6A, 7TA, 8A, 9A, 10A,
11A, and 12A are fragmentary cross-sectional views of the
device 200 taken along line AA' at intermediate steps of the
method 100. FIGS. 3B, 4B, 5B, 6B, 7B, 8B, 9B, 10B, 11B,
and 12B are fragmentary Cross- sectlonal VIEWS of the dev1ce
200 taken along line BB' at intermediate steps of the method
100. FIGS. 3C, 4C, 5C, 6C, 7C, 8C, 9C, 10C, 11C, and 12C
are fragmentary cross-sectional views of the device 200
taken along line CC' at intermediate steps of the method 100.
The device 200 may be an intermediate device fabricated
during processing of an IC, or a portion thereof, that may
comprise static random-access memory (SRAM) and/or
other logic circuits, passive components such as resistors,
capacitors, and inductors, and active components such as
p-type FETs (PFETs), n-type FETs (NFETs), FinFETs,
metal-oxide semiconductor field effect transistors (MOS-
FET), complementary metal-oxide semiconductor (CMOS)
transistors, bipolar transistors, high voltage transistors, high
frequency transistors, and/or other memory cells The present
disclosure 1s not limited to any particular number of devices
or device regions, or to any particular device configurations.
For example, though the device 200 as illustrated 1s a
three-dimensional FinFET device, the present disclosure
may also provide embodiments for fabricating planar FET
devices.

At operation 102, referring to FIG. 1A and FIG. 2, the
method 100 provides an FET device 200 including a sub-
strate 202 having a first region 204 and a second region 206
formed thereon, a dummy gate structure 210 formed over the
first region 204 and the second region 206, and isolation
structures 208 formed over the substrate 202 separating
vartous components of the device 200. In many embodi-
ments, the first region 204 includes two fins, {in 204q and fin
204b, while the second region 206 includes two fins, fin
206a and fin 206b6. For purpose of simplicity, intermediate
steps of the method 100 are hereafter described with refer-
ence to cross-sectional views (FIGS. 3A-12C) of the device
200 taken along a fin length direction of the fins 204qa (1.e.,
the line AA') and 206q (i.e., the line BB'), as well as across
a channel region of the fins 204q and fin 2045 and the fins
206a and 20656. In the present disclosure, the intermediate
steps of the method 100 are not illustrated with respect to the
fins 2046 and 20656 for purpose of simplicity, as they
undergo the same fabrication processes as their counterparts
of the same region.

The substrate 202 may comprise an elementary (single
clement) semiconductor, such as silicon, germanium, and/or
other suitable materials; a compound semiconductor, such as
silicon carbide, gallium arsenic, gallium phosphide, indium
phosphide, indium arsenide, indium antimonideor, and/or
other suitable materials; an alloy semiconductor such as
S1Ge, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP, GalnAsP,

and/or other suitable materials. The substrate 202 may be a
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single-layer material having a uniform composition. Alter-
natively, the substrate 202 may include multiple material
layers having similar or different compositions suitable for
IC device manufacturing. In one example, the substrate 202
may be a silicon-on-insulator (SOI) substrate having a
semiconductor silicon layer formed on a silicon oxide layer.
In another example, the substrate 202 may include a con-
ductive layer, a semiconductor layer, a dielectric layer, other
layers, or combinations thereof.

In some embodiments where the substrate 202 includes
FETs, various doped regions, such as source/drain regions,
are formed 1n or on the substrate 202. The doped regions
may be doped with n-type dopants, such as phosphorus or
arsenic, and/or p-type dopants, such as boron or BF,,
depending on design requirements. The doped regions may
be formed directly on the substrate 202, 1n a p-well structure,
in an n-well structure, 1n a dual-well structure, or using a
raised structure. Doped regions may be formed by implan-
tation of dopant atoms, in-situ doped epitaxial growth,
and/or other suitable techmques.

Still referring to FIG. 2, the first region 204 may be
suitable for forming an n-type FinFET, and the second
region 206 may be suitable for forming a p-type FinFET. In
alternative embodiments, the first region 204 and the second
region 206 may be suitable for forming FinFETs of a similar
type, 1.e., both n-type or both p-type, with difierent threshold
voltage (V) design requirements. This configuration 1s for
illustrative purposes only and does not limit the present
disclosure. The fins 204a and 2045 and the fins 206a and
2060 may be fabricated using suitable processes including
photolithography and etch processes. The photolithography
process may 1nclude forming a photoresist layer (resist)
overlying the substrate 202, exposing the resist to a pattern,
performing post-exposure bake processes, and developing
the resist to form a masking element (not shown) including
the resist. The masking element 1s then used for etching
recesses 1nto the substrate 202, leaving the fins 204a and
204H and the fins 2064 and 2065 on the substrate 202. The
etching process may include dry etching, wet etching, reac-
tive 1on etching (RIE), and/or other suitable processes.

Numerous other embodiments of methods for forming the
fins 204a and 2045 and the fins 206a and 20656 may be
suitable. For example, the fins 204a and 2045 and the fins
2064 and 2065 may be patterned using double-patterning or
multi-patterning processes. Generally, double-patterning or
multi-patterning processes combine photolithography and
self-aligned processes, allowing patterns to be created that
have, for example, pitches smaller than what 1s otherwise
obtainable using a single, direct photolithography process.
For example, in one embodiment, a sacrificial layer 1is
formed over a substrate and patterned using a photolithog-
raphy process. Spacers are formed alongside the patterned
sacrificial layer using a self-aligned process. The sacrificial
layer 1s then removed, and the remaining spacers, or man-
drels, may then be used to pattern the fins.

The 1solation structures 208 may include silicon oxide,
silicon nitride, silicon oxynitride, fluoride-doped silicate
glass (FSG), a low-k dielectric material, and/or other suit-
able materials. The isolation structures 208 may include
shallow trench 1solation (STT) features. In one embodiment,
the 1solation structures 208 are formed by etching trenches
in the substrate 202 during the formation of the fins 2044 and
204H and the fins 2064 and 2065. The trenches may then be

filled with an 1solating material described above, followed

by a chemical mechanmical planarization (CMP) process.
Other 1solation structure such as field oxide, local oxidation

of silicon (LOCOS), and/or other suitable structures may
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also be implemented as the 1solation structures 208. Alter-
natively, the 1solation structures 208 may include a multi-
layer structure, for example, having one or more thermal
oxide liner layers.

Thereafter, referning to FIG. 2, the method at operation
102 forms a dummy gate structure 210 that engages the fins
204a and 2045 and the fins 206a and 2065 on three sides to
form a channel region 1 each of the fins. In at least one
embodiment, portions of the dummy gate structure 210 will
be replaced with a high-k metal gate structure (HK MG)
alter other components of the device 200 are fabricated. The
dummy gate structure 210 may include one or more material
layers, such as an interfacial layer 302 over the fins 204a and
2045 and the fins 206 and 2065, a poly-silicon layer over the
interfacial layer, a hard mask layer, a capping layer, and/or
other suitable layers. In many embodiments, the interfacial
layer 302 remains over the fins 204aq and 2045 and the fins
206 and 2065 after portions of the dummy gate structure 210
are replaced with the HK MG. The interfacial layer 302 may
include a dielectric material such as silicon oxide (810,) or
silicon oxynitride (S1ON). The interfacial layer 302 may be
formed to any thickness such as less than about 5 angstrom.
In at least one embodiment, the interfacial layer 302 has a
thickness of about 2 angstrom. Each of the material layers in
the dummy gate structure 210 may be formed by any
suitable deposition techniques, such as chemical oxidation,
thermal oxidation, atomic layer deposition (ALD), chemical
vapor deposition (CVD), physical vapor deposition (PVD),
low-pressure chemical vapor deposition (LP-CVD), plasma-
enhanced CVD (PE-CVD), high-density plasma CVD
(HDP-CVD), metal organic CVD (MO-CVD), remote
plasma CVD (RP-CVD), low-pressure CVD (LP-CVD),
atomic layer CVD (AL-CVD), atmospheric pressure CVD
(AP-CVD), and/or other suitable methods. In one embodi-
ment, the dummy gate structure 210 1s first deposited as a
blanket layer. The blanket layer 1s then patterned through a
series of lithography and etching processes, thereby remov-
ing portions of the blanket layer and keeping the remaining
portions over the 1solation structures 208 and the fins 2044
and 20456 and the fins 206a and 2066 as the dummy gate
structure 210.

The method 100 at operation 102 subsequently forms gate
spacers 212 on sidewalls of the dummy gate structure 210.
The gate spacers 212 may include a material different from
the material(s) included 1n the dummy gate structure 210. In
at least one embodiment, the gate spacers 212 include a
dielectric material, such as silicon oxide, silicon nitride,
silicon carbide, silicon oxynitride, and/or other suitable
dielectric materials. The gate spacers 212 may be a single
layered structure or a multi-layered structure. The method
100 may form the gate spacers 212 by first depositing a
blanket of spacer material over the device 200, and then
performing an anisotropic etching process to remove por-
tions of the spacer material to form the gate spacers 212 on
sidewalls of the dummy gate structure 210.

Referring still to FIGS. 1A and 2, the method 100 at
operation 104 forms source/drain features 214 and 216. In at
least one embodiment, the source/drain features 214 and 216
are formed 1n the fins 204q and 2045 and the fins 2064 and
2060, respectively, each being adjacent to the dummy gate
structure 210. The source/drain features 214 and 216 may be
formed by any suitable techmiques, such as etching pro-
cesses Tollowed by one or more epitaxy processes. In one
example, one or more etching processes are performed to
remove portions of the fins 204a and 2045 and the fins 206a
and 2065 to form recesses (not shown) therein, respectively.
A cleaning process may be performed to clean the recesses
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with a hydrofluoric acid (HF) solution or other suitable
solution. Subsequently, one or more epitaxial growth pro-
cesses are performed to grow epitaxial features in the
recesses. Bach of the source/drain features 214 and 216 may
be suitable for a p-type FinFET device (e.g., a p-type
epitaxial material) or alternatively, an n-type FinFET device
(e.g., an n-type epitaxial material). The p-type epitaxial
material may include one or more epitaxial layers of silicon
germanium (ep1 S1Ge), where the silicon germanium 1s
doped with a p-type dopant such as boron, germanmium,
indium, and/or other p-type dopants. The n-type epitaxial
material may include one or more epitaxial layers of silicon
(ep1 S1) or silicon carbon (ep1 S1C), where the silicon or
silicon carbon 1s doped with an n-type dopant such as
arsenic, phosphorus, and/or other n-type dopant. In at least
one embodiment, the source/drain features 214 include a
p-type epitaxial material, while the source/drain features 216
include an n-type epitaxial matenial; however, the present
disclosure 1s not limited herein.

Thereatter, the method 100 deposits a contact etch-stop
layer (CESL; not shown) over the source/drain features 214
and 216 and then an interlayer dielectric (ILD) layer 218
over the device 200 (FIG. 2). The CESL may comprise
s1licon nitride, silicon oxynitride, silicon nitride with oxygen
or carbon elements, and/or other materials, and may be
formed by CVD, PVD, ALD, and/or other suitable methods.
In some embodiment, the ILD layer 218 includes a dielectric
matenal, such as tetracthylorthosilicate (TEOS), un-doped
silicate glass, or doped silicon oxide such as borophospho-
silicate glass (BPSG), fused silica glass (FSG), phosphosili-
cate glass (PSG), boron doped silicon glass (BSG), and/or
other suitable dielectric materials. The ILD layer 218 may
include a multi-layer structure having multiple dielectric

materials. The ILD layer 218 may be formed by a deposition
process such as, for example, CVD, PVD, ALD, HDP-CVD,

MO-CVD, RP-CVD, PE-CVD, LP-CVD, AL-CVD, AP-
CVD, plating, and/or other suitable methods. Subsequent to
forming the ILD layer 218, a planarization process such as
CMP may be performed such that a top portion of the
dummy gate structure 210 1s exposed.

Reterring still to FIGS. 1A and 3A-3C, the method 100 at
operation 106 removes the dummy gate structure 210 to
form a trench 220 over the fin 204a and a trench 222 over
the fin 2064, thereby exposing the interfacial layer 302
formed over a portion (1.¢., the channel region) of the fins
204a and 204b, and the fins 206a and 206, respectively
(FIGS. 3B and 3C). In some embodiments, forming the
trenches 220 and 222 includes performing an etching pro-
cess that selectively removes the dummy gate structure 210.
The etching process may be a dry etching process, a wet
ctching process, an RIE, other suitable methods, or combi-
nations thereof. For example, a dry etching process may use
chlorine-containing gases, fluorine-containing gases, and/or
other etching gases. The wet etching solutions may include
ammonium hydroxide (NH,OH), hydrofluoric acid (HF) or
diluted HF, deionized water, tetramethylammonium hydrox-
ide (TMAH), and/or other suitable wet etching solutions.
The etching process may be tuned such that the etching of
the dummy gate structure 210 1s subjected to a higher etch
rate relative to the CESL and the ILD layer 218.

The method 100 proceeds to form a high-k metal gate
structure (HK MG) 1n each of the trenches 220 and 222, such
that the HK MG structure traverses a source region and a

drain region (e.g., the source/drain regions 214 or the
source/drain regions 216) of the fins 204a and 2045 and the
fins 2064 and 20656. Referring back to FIG. 1A, the method

100 at operation 110 forms a high-k dielectric layer 304 over
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the interfacial layer 302 1n the trench 220 (FIGS. 4A and 4C)
and 1n the trench 222 (FIGS. 4B and 4C). The high-k
dielectric layer 304 1s configured to modulate the threshold
value V, of the HK MG formed 1n the trenches 220 and 222,
respectively. In at least one embodiment, the high-k dielec-
tric layer 304 includes lanthanum and oxygen, such as
lanthanum oxide (La,O,). The high-k dielectric layer 304
may be formed by ALD and/or other suitable methods to any
suitable thickness. In an example embodiment, the high-k
dielectric layer 304 has a thickness of about 2 angstrom.
Alternatively or additionally, the high-k dielectric layer 304
may be formed over any other material layer in the trenches
220 and 222 such that the high-k dielectric layer 304 1s not
directly formed on the interfacial layer 302. In some
embodiments, the high-k dielectric layer 304 includes lan-
thanum, oxygen, hatnium, aluminum, titanium, zirconium,
tantalum, silicon, and/or other suitable materials.

Still referring to FIGS. 4A, 4B, and 4C, the method 100
at operation 112 forms sacrificial layers 306 and 308 over the
high-k dielectric layer 304 1n the trenches 220 and 222. In
many embodiments, the sacrificial layers 306 and 308 are
configured to accommodate subsequently applied patterning
processes and are then removed from the trenches 220 and
222 following the completion of the patterning processes. In
an example, the sacrificial layer 306 may be configured to
prevent the underlying material layers from being chemi-
cally contaminated by a subsequently formed resist layer
(e.g., a photoresist layer) and/or a resist bottom layer such as
a bottom antiretlective coating (BARC), and may include a
metal oxide, a metal nitride, a metal oxynitride, a metal
carbide, and/or other suitable materials. In at least one
embodiment, the sacrificial layer 306 includes aluminum
and oxygen, such as aluminum oxide (Al,O,). In an
example, the sacrificial layer 308 may be configured to
promote adhesion between the underlying material layers
(e.g., the high-k dielectric layer 304) and the subsequently
formed resist layer and/or the bottom layer and may include
a metal oxide, a metal nitride, a metal oxynitride, a metal
carbide, other suitable materials, or combinations thereot. In
at least one embodiment, the sacrificial layer 306 includes
titanium and nitrogen, such as titantum mitride (TiN). In
many embodiments, the device 200 includes either or both
of the sacrificial layers 306 and 308. The sacrificial layer 306
and 308 may each be formed by a deposition process such
as ALD and/or other suitable processes to any suitable
thickness. In at least one embodiment, a thickness of the
sacrificial layer 306 1s similar to a thickness of the sacrificial
layer 308 and 1s approximately 10 times that of the thickness
of the high-k dielectric layer 304.

Referring back to FIG. 1A, the method 100 at operation
114 removes the high-k dielectric layer 304 1n the trench 222
by a series of patterning and etching processes, leaving the
high-k dielectric layer 304 1n the trench 220. As shown in
FIGS. 5A, 5B, and 5C, the method 100 may first form a
masking element 400 that includes the resist layer 404 and
optionally a bottom layer 402 (e.g., BARC) formed over the
trenches 220 and 222 as well as portions of and the ILD layer
218. The method 100 then proceeds to form an opening 406
to expose material layers 1n the trench 222 (FIGS. 6B and
6C) but not those 1n the trench 220 (FIG. 6A). The opening
406 may be formed by any suitable process including dry
ctching, wet etching, RIE, and/or other suitable processes. In
at least one embodiment, the opening 406 1s formed by a dry
ctching process utilizing a nitrogen-contaiming etchant gas
(e.g., N,), a hydrogen-containing etchant gas (e.g., H,), a
fluorine-containing etchant gas (e.g., CF,, SF., CH,F,,
CHF;, and/or C,F,), an oxygen-containing gas, a chlorine-
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containing gas (e.g., Cl,, CHCI;, CCl,, and/or BCl,), a
bromine-containing gas (e.g., HBr and/or CHBr,), an
iodine-containing gas, helium, and/or other suitable gases
and/or plasmas. In at least one embodiment, the dry etching
process implements a mixture of N, and H, gases.

Still referring to FIGS. 6A, 6B, and 6C, the method 100

at operation 114 removes the high-k dielectric layer 304 and
the sacrificial layers 306 and 308, but not the interfacial
layer 302, 1n the trench 222 1n a subsequent etching process.
In at least one embodiment, the method 100 performs a wet
etching process, though other etching processes may also be
suitable. The wet etching process may be implemented using,
a wet etchant 408 such as hydrochloric acid (HCI), potas-
stum hydroxide (KOH), ammonium hydroxide (NH,OH),
hydrogen peroxide (H,O,), sulfuric acid (H,SQO,), nitric acid
(HNO,), hydrofluoric acid (HF), phosphoric acid (H,PO,),
ammonium phosphate ((NH,),PO,), tetramethylammonium
hydroxide (TMAH), other suitable etchants, or combina-
tions thereol. Alternatively or additionally, the wet etching
process may utilize a mixture of solutions such as a stan-

dard-clean 1 (SC1; also known as an ammonia-peroxide
mixture (APM)) mixture including NH,OH, H,O,, and
distilled water (DIW)), a standard-clean 2 (SC2) mixture
including HCI, H,O,, and DIW, or a mixture of H,SO,,
H,O,, and DIW. In at least one embodiment, the wet etchant
408 includes a SC2 mixture having a HCL:H,O,:DIW ratio
of about 1:1:5 and 1s implemented at about 50 degrees
Celsius. Thereatfter, referring to FIGS. 7A, 7B, and 7C, the
method 100 removes the masking element 400 from the
device 200 by a suitable method such as resist stripping or
plasma ashing. In at least one embodiment, the removal of
the masking element 400 1s implemented using a plasma that
includes N, and/or H,.

Referring back to FIG. 1B, the method 100 at operation
116 selectively removes the sacrificial layers 306 and 308 1n
the trench 220 without substantially removing the high-k
dielectric layer 304 or interfacial layer 302 1n the trench 220
and the trench 222. Referring to FIGS. 8A, 8B, and 8C, the
method 100 removes the sacrificial layers 306 and 308 1n the
trench 220 1n a wet etching process utilizing a wet etchant
412 similar to the wet etchant 408 described above. In an
exemplary embodiment, the wet etchant 412 includes a
phosphate-based aqueous solution, such as a (NH,),PO,
solution. In a further embodiment, the wet etchant 412
includes a mixture of (NH,),PO, solution and other solu-
tions such as H,PO,, H,O,, HNO,, H,SO,, NH,OH, HCI,
HF, ozone (O,), other acidic solutions, and/or organic oxi-
dizers. In some embodiments, the concentration of the
(NH,);PO, solution 1s about 2 M (i.e., about 2 mol/L) and
has a pH of about 11. In various embodiments, the wet
etching process at operation 116 1s performed at a tempera-
ture of between about 20 degrees Celsius and about 80
degrees Celsius. Notably, the wet etchant 412 demonstrates
ctching selectivity of the sacrificial layers 306 and 308 over
the high-k dielectric layer 304 and the interfacial layer 302.

Thereatter, the method 100 at operation 116 implements
a rinsing process to remove any excess wet etchant 412 from
the device 200. In at least one embodiment, the rinsing
process 1s implemented using one or more of the following
solvents: DIW, distilled liquid carbon dioxide (DI-CO,), and
diluted NH,OH. Other solvents may also be implemented
for the rninsing process described herein. Subsequently, the
method 100 performs a drying process to the device 200 by
implementing one of a spin drying process 1n the presence
of nitrogen or a solvent drying process using an alcohol such
as 1so-propyl alcohol (IPA) at a temperature of between
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about 20 degrees Celstus and about 80 degrees Celsius.
Other methods of drying may also be implemented.

In at least one embodiment, referring to FIGS. 9A and 9C,
the removing of the sacrificial layers 306 and 308 at opera-
tion 116 also forms a phosphate-containing monolayer 310
on the high-k dielectric layer 304 in the trench 220. Spe-
cifically, upon the removal of the sacrificial layers 306 and
308, phosphate ligands (e.g., (PO,)’~ functional groups)
dissolved i the wet etchant 412 (e.g., the (NH,),PO,
solution) self-assemble (thus, the phosphate-containing
monolayer 310 1s alternatively referred to as a seli-as-
sembled monolayer, or SAM) on the surface of the high-k
dielectric layer 304, which 1n at least one embodiment
includes La,O;. As such, the phosphate-containing mono-
layer 310 may be formed using an existing wet etching
apparatus while performing an etching of the sacrificial
layers 306 and 308.

In many embodiments, the phosphate ligands adsorb onto
the surface of the high-k dielectric layer 304 such that the
oxygen moieties 1n the phosphate ligands form coordinated
bonds with the metallic 1ons (e.g., lanthanum 1ons) as
illustrated below. As a result, the phosphate ligands form the
phosphate-contaiming monolayer 310 at the surface of the
high-k dielectric layer 304 by a chelating process with the
phosphate ligands acting as the chelating agents. In one
example, only one oxygen moiety of each phosphate ligand
forms a coordinated bond (i.e., a mono-dentate complex)
with each lanthanum ion. In another example, more than one
oxygen moiety of a phosphate ligand may be coordinated to
cach lanthanum 10n and form bi- or poly-dentate complexes
at the surface of the high-k dielectric layer 304. The phos-
phate-containing monolayer 310 may be formed to any
thickness by the chelating process described herein. In at
least one embodiment, the phosphate-contaiming monolayer
310 1s formed to a thuickness t similar to a height of one
phosphate-contaiming monolayer as 1llustrated below.
Because the phosphate-contaiming monolayer 310 1s config-
ured as a bonding agent between the high-k dielectric layer
304 and another high-k dielectric layer (e.g., the high-k
dielectric layer 312; discussed below), one such monolayer
1s formed in the trench 220 1n an eflort to minimize 1ts
thickness, thereby enlarging a processing window for the
subsequently formed metal gate electrode. In an example
embodiment, the thickness t 1s about 1 angstrom to about 2
angstrom. Of course, additional phosphate-containing
monolayer 310 may be formed in the trench 220 11 desired.
In at least one embodiment, as shown 1n FIGS. 9B and 9C,
the phosphate-containing monolayer 310 1s not formed in
the trench 222.

A O O
\P//
/7 \
o, 0
Y — 0—I1a—0—

mono-dentate complex

0O 0 O O
%/ \/
O—P\ /p--....o
0f *0
—0—13—0—

bi-dentate complex

Referring back to FIG. 1B, the method 100 at operation
118 forms a high-k dielectric layer 312 over the phosphate-
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containing monolayer 310 1n the trench 220 (FIGS. 10A and
10C) and over the interfacial layer 302 in the trench 222

(FIGS. 10B and 10C). In the present embodiment, the high-k

dielectric layer 312 includes a dielectric material comprising
hatnium, oxygen, lanthanum, aluminum, titanium, zirco-
nium, tantalum, silicon, other suitable materials, or combi-
nations thereof. In at least one embodiment, the high-k
dielectric layer 312 includes hatmium oxide, such as HiO,.
The high-k dielectric layer 312 may be formed by ALD
and/or other suitable methods to any suitable thickness, such
as less than 20 angstrom. In at least one embodiment, the
high-k dielectric layer 312 has a thickness of about 15
angstrom.

In at least one embodiment, the phosphate ligands
included 1n the phosphate-containing monolayer 310 form
coordinated bonds with metallic 10ns of the high-k dielectric
layer 312 (e.g., hafmmum 1ons) during a chelating process
similar to that described with respect to the formation
process of the phosphate-containing monolayer 310 at
operation 116. In an exemplary embodiment, one oxygen
moiety of each phosphate ligand forms a coordinated bond
(1.., a mono-dentate complex) with each hafnium 1on as
illustrated below. In another embodiment, more than one
oxygen moiety of a phosphate ligand may be coordinated to

cach hainium 10n and form bi- or poly-dentate complexes at
the surface of the high-k dielectric layer 312.

O O
\P//
VAN
Of *0
—0—Hf

O_

mono-dentate complex

) 0 O O
/4 \/
O P\ /p--....o
0 *O
— 0—f— 00—

bi-dentate complex

Accordingly, the high-k dielectric layer 312 1s chemically
tethered to the high-k dielectric layer 304 via the phosphate-
containing monolayer 310, such that matenal (e.g., La,O;)
included 1n the high-k dielectric layer 304 1s confined to the
interfacial layer 302 and prevented from diffusing past the
high-k dielectric layer 312. Advantageously, the present
disclosure provides a method of chemically bonding a
second high-k material (e.g., the high-k dielectric layer 312)
to a first high-k matenal (e.g., the high-k dielectric layer
304) via a self-assembled monolayer (e.g., the phosphate-
containing monolayer 310) implemented by a wet etching
apparatus without utilizing any lithography or patterning
processes. In other words, the present disclosure provides a
gate dielectric layer that includes two high-k dielectric
layers (e.g., the high-k dielectric layer 304 and the high-k
dielectric layer 312) chemically tethered together by the
phosphate-contaiming monolayer 310.

Referring back to FIG. 1B, the method 100 then proceeds
to operation 120 to form a capping layer 314 over the high-k
dielectric layer 312 1in the HK MGs 300A (FIGS. 11A and
11C) and 300B (FIGS. 11B and 11C). In many embodi-
ments, the capping layer 314 1s configured to protect the
underlying high-k dielectric layer 312 from subsequent
thermal processes. The capping layer 314 may include a
metal nitride, such as TiN, TaN, NbN, or other suitable
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materials and may be formed by a deposition process such
as ALD, CVD, PVD, and/or other suitable processes. The
capping layer 314 may be formed to any suitable thickness,
such as less than 20 angstrom. In at least one embodiment,
the capping layer 314 1s formed to a thickness of about 3
angstrom to about 15 angstrom.

Thereafter, still referring to FIGS. 11A, 11B, and 11C, the
method 100 at operation 122 forms a barrier layer 316 over
the capping layer 314. In many embodiments, the barrier
layer 316, also known as a metal barrier layer or a metal
blocking layer, 1s configured to protect the underlying high-k
dielectric layer 312 from metal impurities introduced 1n
subsequent fabrication processes, such as metal patterning
processes for forming subsequent work function metal lay-
ers. For example, without the barrier layer 316, metal
materials from subsequently formed work function metal
layers can diffluse mnto the high-k dielectric layer 312,
causing manufacturing defects. In various embodiments, the
barrier layer 316 includes a metallic element. The barrier
layer 316 may include a metal nitride, such as TaN, TiN,
NbN, or other suitable materials, and may be formed by a
deposition process such as ALD, CVD, PVD, and/or other
suitable processes. The barrier layer 316 may be formed to
any suitable thickness, such as less than 20 angstrom. In at
least one embodiment, the barrier layer 316 1s formed to a
thickness similar to that of the capping layer 314. In many
embodiments, the barrier layer 316 includes a different
maternial from the capping layer 314.

Referring to FIGS. 1B and 12A-12C, the method 100 at
operation 124 forms a work function metal layer 318 in the
trench 220. The work function metal layer 318 may be a
p-type or an n-type work function metal layer. Exemplary
p-type work function metals include TiN, TaN, Ru, Mo, Al,
WN, 7ZrS1,, MoS1,, TaS1,, Ni1S1,, WN, and/or other suitable
p-type work function materials. Exemplary n-type work
function metals include Ti, Ag, TaAl, TaAlC, TiAIN, TaC,
TaCN, TaSiN, Mn, Zr, and/or other suitable n-type work
function materials. The work function metal layer 318 may
include a plurality of layers and may be deposited by ALD,
CVD, PVD, and/or other suitable process. In at least one
embodiment, the work function metal layer 318 1s selec-
tively formed 1n the trench 220 and includes a p-type work
function material that 1s suitable for forming a p-type FET
device. In many embodiments, the work function metal layer
318 1s formed by first depositing the work function metal
layer 318 in both of the trenches 220 and 222, and then
removing a portion of the work function metal layer 318 in
the trench 222 by a series of lithography and patterming
processes similar to those described with respect to opera-
tion 114. Alternatively, the work function metal layer 318
may be formed in the trench 222 by a similar process.

Still referring to FIGS. 12A-12C, the method 100 forms
a work function metal layer 320 in the trench 220, the trench
222, or both. Similar to the work function metal layer 318,
the work function metal layer 320 may be an n-type or a
p-type work function metal layer. In some embodiments, the
work function metal layer 320 1s selectively formed 1n one
of the trenches 220 and 222. In other embodiments, the work
function metal layer 320 1s formed in both of the trenches
220 and 222. In further embodiments, the work function
metal layer 320 may be formed before or after forming the
work function metal layer 318. The choice of the type of
work function metals to be included 1n the work function
metal layers 318 and 320 may be determined by an overall
threshold voltage V. desired for the specific FET device
(e.g., n-type or p-type) formed 1n the first region 204 and the
second region 206 (FIG. 2). In some embodiments, the work
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function metal layer 320 and the work function metal layer
318 are of similar semiconductor types (1.e., both of n-type
or both of p-type). In alternative embodiments, the work
function metal layer 320 and the work function metal layer
318 are of different semiconductor types (1.€., one being of
n-type and the other being of p-type). In many embodiments,
additional work function metal layers are formed over the
work function metal layers 318 and/or 320.

Thereatter, referring still to FIGS. 12A-12C, the method
100 at operation 128 forms a bulk conductive layer 322 1n
the remaining spaces of the trenches 220 and 222 to form
HK MGs 300A and 300B, respectively. The bulk conductive
layer 322 may include copper (Cu), tungsten (W), aluminum
(Al), cobalt (Co), and/or other suitable materials. The bulk
conductive layer 322 may be formed by ALD, CVD, PVD,
plating, and/or other suitable processes. A CMP process may
be performed to remove excess materials from the HK MGs

300A and 300B so as to planarize a top surface of the device
200.

Generally, threshold voltage V, of a HK MG may be
modulated by adjusting a thickness of each work function
metal layer (e.g., the work function metal layers 318, 320,
and/or other additionally formed work function metal layers)
included therein. However, as feature sizes decrease, con-
trolling thicknesses of multiple work function metal layers
during lithography and patterning processes poses many
challenges. "

T'he present disclosure provides a method of
modulating the threshold voltage V, of a HK MG by tuning
properties of the gate dielectric layer using a self-assembled
monolayer instead of and/or in addition to adjusting the
properties of the work function metal layers. In at least one
embodiment, the threshold voltage V, may be modulated by
forming a gate dielectric layer that includes a first high-k
dielectric layer (e.g., the high-k dielectric layer 304) chemi-
cally bonded to another high-k dielectric layer (e.g., the
high-k dielectric layer 312) via a phosphate-containing
monolayer (e.g., the phosphate-contaiming monolayer 310)
formed by a wet etching process. In an example, forming the

high-k dielectric layer 304 that includes La,O, over the
interfacial layer 302 1n the HK MG 300A and/or 300B ma

reduce the threshold voltage V, of the HK MG 300A and/or
300B, causing the overall device to behavior more similar to
an n-type FET than to a p-type FET. Furthermore, using the
phosphate-containing monolayer 310 to confine the high-k
dielectric layer 304 that includes La,O; may ensure the
result of such modulation by preventing La,O; from diflus-
ing past the interfacial layer 302 and/or the high-k dielectric
layer 312 1 the HK MG 300A and/or 300B, thereby
improving interface dipole engineering. Still further, the
present disclosure provides a method of immobilizing a
high-k dielectric layer (e.g., the high-k dielectric layer 304)
to other HK MG material layers, such as the barrier layer
316, via the phosphate-containing monolayer 310 to provide
additional modulation capability to fine-tune the perfor-
mance of the HK MGs 300A and 300B.

Subsequently, at operation 130, the method 100 performs
additional processing steps to complete fabrication of the
device 200. For example, additional vertical interconnect
features such as contacts and/or wvias, and/or horizontal
interconnect features such as lines, and multilayer 1ntercon-
nect features such as metal layers and interlayer dielectrics
can be formed over the device 200. The various interconnect
features may i1mplement various conductive materials
including copper (Cu), tungsten (W), cobalt (Co), aluminum
(Al), titamium (I1), tantalum (Ta), platinum (Pt), molybde-
num (Mo), silver (Ag), gold (Au), manganese (Mn), zirco-
nium (Zr), ruthentum (Ru), their respective alloys, metal
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silicides, and/or other suitable materials. The metal silicides
may 1nclude nickel silicide, cobalt silicide, tungsten silicide,
tantalum silicide, titanium silicide, platinum silicide, erbium
silicide, palladium silicide, and/or other suitable metal sili-
cides.

Although not intended to be limiting, one or more
embodiments of the present disclosure provide many ben-
efits to a semiconductor device and the formation thereof.
For example, embodiments of the present disclosure provide
methods for patterning a high-k dielectric layer over an
interfacial layer during a HK MG replacement process.
According to the present disclosure, a gate dielectric layer
including a first high-k dielectric layer, which includes
lanthanum and oxygen, chemically bonded to a second
high-k dielectric layer via a phosphate-containing mono-
layer 1s formed over and interfacial layer, providing capa-
bility to modulate threshold voltage of the HK MG 1nstead
of and/or 1n addition to adjusting work function metal layers
included in the HK MG. By chemically tethering the second
high-k dielectric layer to the first high-k dielectric layer, the
first high-k dielectric matenial 1s confined to the interfacial
layer, ensuring that a desired threshold voltage 1s achieved.

In one aspect, the present disclosure 1s directed to a
method of forming a semiconductor device. The method
includes removing a dummy gate structure formed over a
first fin and a second {in, forming an interfacial layer over the
exposed portion of the first {in 1n the first trench and over the
exposed portion of the second fin 1n the second trench,
forming a first high-k dielectric layer over the interfacial
layer 1n the first trench and the second trench, removing the
first high-k dielectric layer 1n the second trench, forming a
self-assembled monolayer (SAM) over the first high-k
dielectric layer 1in the first trench, forming a second high-k
dielectric layer over the phosphate-containing monolayer 1n
the first trench and over the interfacial layer 1n the second
trench, forming a work function metal layer in the first
trench and the second trench, and forming a bulk conductive
layer over the work function metal layer in the first trench
and the second trench. In some embodiments, the removing
forms a first trench that exposes a portion of the first fin and
a second trench that exposes a portion of the second fin. In
some embodiments, the first high-k dielectric layer includes
lanthanum and oxygen.

In some embodiments, the method further comprises
forming a sacrificial layer over the first high-k dielectric
layer in the first trench and the second trench. In further
embodiments, the forming the sacrificial layer includes
forming a first sacrificial layer over the first high-k dielectric
layer, which includes aluminum and oxygen. In still further
embodiments, the forming the sacrificial layer further
includes forming a second sacrificial layer over the first
sacrificial layer, which includes titanium and nitrogen.

In some embodiments, the removing the first high-k
dielectric layer removes the sacrificial layer in the second
trench. In some embodiments, the forming the SAM
removes the sacrificial layer in the first trench. In further
embodiments, the removing the first high-k dielectric layer
includes performing a wet etching process, which utilizes a
solvent mixture including HCI1, H,O,, and H,O.

In some embodiments, the forming the SAM includes
performing a wet etching process, which utilizes a phos-
phate solution. In an exemplary embodiment, the phosphate
solution 1ncludes (NH,),PO,.

In another aspect, the present disclosure 1s directed to a
method of forming a semiconductor device. The method
includes forming a gate structure over a portion of a {in,
where the forming the gate structure includes forming an
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interfacial layer over the portion of the fin, depositing a
lanthanum-and-oxygen-containing dielectric layer over the
interfacial layer, depositing a sacrificial layer over the lan-
thanum-and-oxygen-containing dielectric layer, performing
a wet etching process to remove the sacrificial layer, thereby
forming a phosphate-containing monolayer over the lantha-
num-and-oxygen-containing dielectric layer, depositing a
hatnium-and-oxygen-contaimng dielectric layer over the
phosphate-contaiming monolayer, depositing a work func-
tion metal layer over the hatnium-and-oxygen-containing
dielectric layer, and forming a bulk conductive layer over the
work function metal layer.

In some embodiments, the performing the wet etching
process includes using a solution including a plurality of
phosphate ligands. In further embodiments, each of the
plurality of phosphate ligands includes at least one oxygen
moiety. In further embodiments, the forming the phosphate-
containing monolayer includes forming a coordinated bond
between a lanthanum 1on included in the lanthanum-and-
oxygen-containing dielectric layer and the at least one
oxygen moiety. In still further embodiments, the depositing
the hafnium-and-oxygen-containing  dielectric  layer
includes forming a coordinated bond between a hainium 1on
included in the hafmum-and-oxygen-containing dielectric
layer and the at least one oxygen moiety.

In yet another aspect, the present disclosure 1s directed to
a semiconductor structure. The semiconductor structure
includes a first fin and a second fin disposed over a substrate,
and a first gate structure disposed over the first fin and a
second gate structure disposed over the second fin, 1n which
the first gate structure includes an interfacial layer over the
first fin, a first high-k dielectric layer over the interfacial
layer, a self-assembled monolayer (SAM) over the first
high-k dielectric layer, a second high-k dielectric layer over
the SAM, a first work function metal layer over the second
high-k dielectric layer, and a bulk conductive layer over the
first work function metal layer, and the second gate structure
includes the interfacial layer over the second fin, the second
high-k dielectric layer over the interfacial layer, a second
work function metal layer over the second high-k dielectric
layer, and the bulk conductive layer over the second work
function metal layer.

In some embodiments, the first high-k dielectric layer
includes lanthanum oxide. In some embodiments, the second
high-k dielectric layer includes hainium oxide. In further
embodiments, the SAM 1s chemically tethered to lanthanum
ions included in the first high-k dielectric layer and hatnium
ions included in the second high-k dielectric layer.

In some embodiments, the first work function metal layer
and the second work function metal layer are of different
semiconductor types. In some embodiments, the first gate
structure further includes a third work function metal layer
disposed over the first work function metal layer, where the
third work function metal layer 1s similar to the second work
function metal layer.

In some embodiments, each of the first gate structure and
the second gate structure turther includes a barrier layer over
the second high-k dielectric layer, the barrier layer including
tantalum and nitrogen.

The foregoing outlines features of several embodiments
so that those of ordinary skill 1n the art may better under-
stand the aspects of the present disclosure. Those of ordinary
skill 1n the art should appreciate that they may readily use
the present disclosure as a basis for designing or modifying
other processes and structures for carrying out the same
purposes and/or achieving the same advantages of the
embodiments introduced herein. Those of ordinary skill 1n
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the art should also realize that such equivalent constructions
do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-
stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

What i1s claimed 1s:
1. A method comprising:
removing a dummy gate structure formed over a first fin
and a second fin, wherein the removing forms a {first
trench that exposes a portion of the first fin and a
second trench that exposes a portion of the second fin,
and wherein the exposed portion of the first fin 1n the
first trench and the exposed portion of the second {in
cach includes an interfacial layer formed thereon;

forming a first high-k dielectric layer over the interfacial
layer 1n the first trench and the second trench, wherein
the first high-k dielectric layer includes lanthanum and
oxygen;

removing the first high-k dielectric layer in the second

trench;

forming a self-assembled monolayer (SAM) over the first

high-k dielectric layer 1n the first trench;

forming a second high-k dielectric layer over the SAM in

the first trench and over the interfacial layer in the
second trench;

forming a work function metal layer 1n the first trench and

the second trench; and

forming a bulk conductive layer over the work function

metal layer in the first trench and the second trench.

2. The method of claim 1, further comprising forming a
sacrificial layer over the first high-k dielectric layer 1n the
first trench and the second trench.

3. The method of claim 2, wherein the forming the
sacrificial layer includes forming a first sacrificial layer over
the first high-k dielectric layer, wherein the first sacrificial
layer includes aluminum and oxygen.

4. The method of claim 3, wherein the forming the
sacrificial layer turther includes forming a second sacrificial
layer over the first sacrificial layer, wherein the second
sacrificial layer includes titantum and nitrogen.

5. The method of claim 2, wherein the removing the first
high-k dielectric layer removes the sacrificial layer in the
second trench, and wherein the forming the SAM removes
the sacrificial layer in the first trench.

6. The method of claim 5, wherein the removing the first
high-k dielectric layer includes performing a wet etching
process, the wet etching process utilizing a solvent mixture
including HCI, H,O,, and H,O.

7. The method of claim 1, wherein the forming the SAM
includes performing a wet etching process, the wet etching
process utilizing a phosphate solution.

8. The method of claim 7, wherein the phosphate solution
includes (NH,);PO.,.

9. A method, comprising:

forming a gate structure over a portion of a fin, wherein

the forming the gate structure includes:

depositing a lanthanum-and-oxygen-containing dielec-
tric layer over an interfacial layer formed over the
portion of the fin;

depositing a sacrificial layer over the lanthanum-and-
oxygen-containing dielectric layer;

performing a wet etching process to remove the sacri-
ficial layer, thereby forming a phosphate-containing
monolayer over the lanthanum-and-oxygen-contain-
ing dielectric layer;
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depositing a hatnium-and-oxygen-containing dielectric
layer over the phosphate-containing monolayer;
depositing a work function metal layer over the hat-
nium-and-oxygen-containing dielectric layer; and
forming a bulk conductive layer over the work function
metal layer.
10. The method of claim 9, wherein the performing the
wet etching process includes using a solution including a

plurality of phosphate ligands.
11. The method of claim 10, wherein each of the plurality

of phosphate ligands includes at least one oxygen moiety.
12. The method of claim 11, wherein the forming the

phosphate-containing monolayer includes forming a coor-
dinated bond between a lanthanum 1on included 1n the
lanthanum-and-oxygen-containing dielectric layer and the at
least one oxygen moiety.

13. The method of claim 11, wherein the depositing the
hatnium-and-oxygen-contaiming dielectric layer includes
forming a coordinated bond between a hatnium 10n 1included
in the hatnium-and-oxygen-containing dielectric layer and
the at least one oxygen moiety.

14. A method, comprising;

removing a dummy gate structure to form a gate trench

over a semiconductor fin, wherein the gate trench
exposes a portion of an interfacial layer formed over
the semiconductor fin;

depositing a lanthanum-contaiming dielectric layer over

the interfacial layer in the gate trench;

depositing a sacrificial layer over the lanthanum-contain-

ing dielectric layer;

removing the sacrificial layer, wherein the removing

forms a phosphorus-containing layer over the lantha-
num-containing dielectric layer;

depositing a lhigh-k gate dielectric layer over the phos-

phorus-containing layer;

forming a work function metal layer over the high-k gate

dielectric layer; and

forming a bulk conductive layer over the work function

metal layer.

15. The method of claim 14, wherein the depositing the
lanthanum-containing dielectric layer includes depositing a
lanthanum oxide-containing layer.

16. The method of claim 14, wherein the depositing a
sacrificial layer includes:

depositing an aluminum oxide-containing layer over the

lanthanum-containing dielectric layer; and

depositing a titanium nitride-containing layer over the

aluminum oxide-containing layer.

17. The method of claim 14, wherein the removing the
sacrificial layer includes applying a wet etchant, and wherein
the wet etchant includes (NH,),HPO,.

18. The method of claim 17, wherein the forming the
phosphorus-containing layer forms a phosphorous-contain-
ing self-assembled monolayer (SAM) adsorbed onto the
lanthanum-containing dielectric layer.

19. The method of claim 14, wherein the forming the
phosphorus-containing layer 1includes forming a bond
between an oxygen moiety of the phosphorus-containing
layer and a lanthanum 1on of the lanthanum-containing
dielectric layer.

20. The method of claim 14, wherein the depositing the
high-k gate dielectric layer includes depositing a hatnium
oxide-containing dielectric layer, such that a hainium 10n of
the hafnium oxide-containing dielectric layer forms a bond
with an oxygen moiety of the phosphorus-containing layer.
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